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ABSTRACT

The effects of oxygen facemasks and noise cancelling microphones on
LPC vocoder performance were analyzed and evaluated. Likely sources of
potential vocoder performance degradation included the non-ideal frequency
response characteristics of the microphone, the acoustic alterations of
the speech waveform due to the addition of the facemask cavity, and the
presence of breath noise irposed by the close-talking requirement. It
is shown that the presence or the facemask produces a vowel-dependen*
reduction in the bandwidths of the upper speech formants. In addition,
the low frequency emphasis normally associated with small enclosures is
shown to occur when a pressure microphone is employed for transduction.
Noise cancelling microphones, which are sensitive to the pressure gradient,
do not exhibit this effect. Finally, an acoustic tube model of the
vocal tract and facemask is presented which predicts the absence of
spurious resonances within the frequency bpand of typical narrowband
vocoders. Evidence supporting these assertions is presented based on
observed vowel spectra. Evaluations performed using Diagnostic Rhyme
Tests indicate that the presence of the oxygen facemask and noise
cancelling microphone does not result in a significant increase in the
LPC vocoder processing loss. -
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1. INTRODUCTION

One of the ccntinuing goals of narrowband vocoder research is the
development of systems capable of performing successfully in realistic !
operating environments. Degradations in vocoder performance may arise
from many sources: background noise, acoustic distortions, competing
speakers, undesirable signal conditioning, channel errors, and so on.
The results presented in this report were part of a broader study directed
towards the evaluation of LPC-10 vocoder operation in F-15 high performance

fighter aircraft. Although it is immediately evident that the ambient

; noise levels in the F-15 cockpit are quite high, it is also true that
considerable noise attenuation is achieved through the use of the oxygen
facemask and noise cancelling microphone attached to the pilot's helmet.
However, the imposition of a closed cavity such as a facemask over the
mouth results in an acoustic modification of the speech signal which
could corrupt the waveform and lead to a subsequent loss in vocoder
output quality. This report presents the results of a study in which
the impact of the oxygen facemask and noise cancelling microphene was
assessed through the application of acoustic theory, an extensive examination

of vowel spectra, and the use of Diagnostic Rhyme Testing.

I1. PRELIMINARY CONSIDERATIONS

The project was begun with some general notions as to the nature of
the acoustic distortions introduced through the coupling of the oxygen
facemask and noise cancelling microphone to the vocal tract. The
acoustic effects were presumed to result in modifications to the signal

which could be broadly classified as speech-dependent and speech-independent.

The low frequency emphasis of the speech signal that results from covering
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the mouth with a closed cavity is one example of a speech-independent
phenomenon induced by the facemask. Speech-dependent effects were

thought to involve fundamental alterations in the formant structure of
the natural speech signal and might include the introduction of additional
resonances, Since spurious resonances appearing in the frequency band

of the vocoder could easily lead to the failure of a 10th order linear
prediction model, considerable attention was given to the potential need
for a higher order LPC model in a facemask environment.

Th. choice of microphone and the design of its frequency response
characteristic appeared to be another possible source of vocoder performance
degradation. Because of the presence of the bass boost phenomenon
associated with facemasks, pressure microphones designed for use inside
facemasks generally have a tapered low end response to counteract the
boost introduced by the mask. The pressure gradient (noise cancelling)
microphones employed by the Air Force for use in operational environments
invariably exhibit a low frequency rolloff of 6 dB/octave below about
1000 Hz. An example of such a characteristic is shown in Fig. 1 which
illustrates the frequency response of a typical M101 gradient microphone
designed for use in the MBU-5/P oxygen facemask. Experience has shown
that both the LPC modelling process and pitch detection algorithms
benefit from signal conditioning designed to keep the average speech
spectrum as flat as possible. Deviations from the ideal spectrum can
lead to deficiencies in the parameter extraction process which will
ultimately be manifested as a reduction in speech intelligibility at the

synthesizer.

Another aspect to the use of microphones inside facemasks is the
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Fig. 1. Frequency response of the M101 pressure gradient microphone.




close talking requirement. The proximity of the microphone to the
talker's lips introduces abnormally large bursts of energy into the
speech signal, particularly during the articulation of plosives and
fricatives. The addition of breath noise to the speech is especially
pronounced in microphones with a flat low frequency response. Although
the intelligibility of the unprocessed speech is minimally affected by
breath noise, the effects on narrowband vocoders can be particularly
damaging. Studies have shown that the use of a foam windscreen in
conjunction with boom-mounted, close talking microphones can yield a
considerable improvement in vocoder speech intelligibility and is a

virtual necessity in microphones with a good low end response [1].

I11. ANALYSIS OF VOCAL TRACT TERMINATION

Many of the prominent features observed in speech spectra can be
derived from a model in which the vocal tract is represented by a
single uniform lossless acoustic tube closed at one end (the glottis)
and open at the other (the lips). For a tube 17 cm long the natural
frequencies occur at approximately 500 Hz, 1500 Hz, 2500 Hz, etc. If
the vocal tract were entirely lossless, speech formants would be of
infinite amplitude. Losses introduced at the glottis, cavity walls, and
termination act primarily to increase the bandwidths of the formants.

The speech-independent effects produced by the facemask and the
interaction between the mask and the microphone are best understood
using a simple lumped-parameter representation of the voice production
mechanism. The model shown in Fig. 2a depicts the vocal tract as a
constant volume velocity source with a termination representing the
effects of radiation at the lips. The inductance represents the opening

of the lips into the air and accounts for the spherical wavefronts of the
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Fig. 2(a-b). Speech production models with (a) open air termination
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sound produced at the lips while the frequency dependent resistance
accounts for the radiation of energy into the air. Because the termination
is primarily resistive at higher frequencies it can be shown that its

major effect is a broadening of the upper speech formants (2].

A low frequency model for the facemask condition can be obtained by
replacing the termination shown in Fig. 2a with that of Fig. 2b. The
inductance once again models the effects of the lip opening while the
capacitance represents the volume of the facemask. Because the facemask
is nearly closed, considerably less energy is radiated under this condition
and the effects of energy loss are therefore ignored. This model predicts
a narrowing of the higher frequency formants relative to those observed
in the unconstrained situation, particularly for those sounds accompanied
by large energy levels. Of course, the vocal tract is not an ideal
source and the change in termination will cause the natural frequencies
to shift from their normal values and could lead to the appearance of
additional formants. The nature of these modifications to the formant
pattern is best understood using acoustic tube theory and will be discussed
in the next section.

The effect of the facemask on the output of a pressure-sensitive
microphone can also be examined with the aid of Fig. 2. Assuming the
vocal tract to be a high impedance source, the ratio of the pressure
response at the lips for the facemask condition relative to the response

in the open is given by
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where Zm and Zr represent the termination impedances. From the sketch

of this function shown in Fig. 3 one may observe the 12 dB/octave rise
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Fig. 3. Pressure response in facemask relative to pressure
response in open air.




in the pressure response introduced by the presence of the facemask.
Pressure microphones used inside facemasks employed by the British have
frequency responses specifically tailored to compensate for this effect.
The pressure gradient microphone employed inside the facemask for
its noise cancellation capability is designed to measure the difference
in pressure at its front and back ports. The operation of the pressure
gradient microphone can be understood by distributing the effects of the
lip inductance and determining the voltage difference across one section,
as illustrated in Fig. 4. It is apparent that the voltage difference is
dependent on the current flow or volume velocity rather than on the
voltage. If the vocal tract is once again treated as a high impedance
source, the output of the pressure gradient microphone is approximately
independent of the particular termination applied to the tract. Thus,
while the effects of vocal tract/facemask coupling will be evident in
the response of the gradient microphone, no overall spectral shaping
will be introduced by the mask and no compensation using the microphone

frequency response is necessary.

IV. FACEMASK ACOUSTICS

An understanding of the interaction between the facemask and vocal
tract can be obtained by representing the structures as a concatenation
of two acoustic tubes each open at one end and closed at the other, as
shown in Fig. 5. The acoustic impedances looking into the open ends of

the individual tubes are given by

. _ . 0C
Zp = -J iil ctn (mll/c)
and
_ _; ke
Z, = -J x—ctn (wlz/c)

2
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where A1 and A2 are the cross-sectional areas of the tubes, 21, and 22
are the tube lengths, ¢ is the velocity of sound, and p is the density

of air [2]. The natural frequencies of the system occur when

or

ctn (wzl/c) = - ctn (mlz/c). (Eq. 1)

A

The left and right hand sides of Eq. 1 are shown, respectively, by
the solid and dashed lines of Fig. 6. Open circles represent the natural
frequencies of the unconstricted vocal tract while the solid circles
indicate the position of the natural frequencies of the modified acoustic
system. The curves were drawn with the tract and mask dimensions given
in Fig. 5 which crudely represent the acoustic cavities. The figure
indicates that the first additional resonance occurs in the vicinity of
2c/422 or about 5800 Hz, well beyond the upper limit of most narrowband
vocoders. Lengthening the facemask lowers the frequency of the first
extra resonance, while increasing the cross-sectional area of the face-
mask increases the shift of the natural frequencies relative to their
normal positions. Consequently, the change in the speech formant
frequencies depends on both the length and the cross-sectional area of
the facemask. The curves in Fig. 6 suggest that the mask would tend to
increase the frequency of the first formant and to affect the next three
formants to a much lesser extent. Of course, the time-varying cross-
sectional area of the vocal tract differs substantially from that of the
ideal acoustic tube and thus observations made on real speech will yield
results that change accordingly. It is of interest to note that Morrow
[4] and Morrow and Brouns [3] observed an upward shift in the first

speech formant in their investigations.
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Evidence supporting this theory was obtained using the facilities
of the Speech Communication Laboratory at MIT. A computer simulation
was used to calculate the magnitudes of the transmission functions of an
unconstricted uniform acoustic tube and of the same tube terminated with
a closed section representing the facemask. The transmission function
shown in Fig. 7a is that of the unconstricted lossy acoustic tube and

) ' clearly depicts formants occuring at (2n+1)*500 Hz. The transmission

L function of a lossy two-tube system is shown in Fig. 7b and illustrates

: _ the predicted upward shift of the first formant. It can be seen that
the first resonance obviously associated with the terminating tube does

not appear within the frequency range ot the vocoder.

V. VOWEL SPECTRA

The validity of the theoretical results presented above was evaluated
through an extensive examination of vowel spectra obtained from speech
produced using the oxygen facemask and noise cancelling microphone. The
spectra of the vowel portions of the word '"fad" as recorded using both a
high quality dynamic microphone and the facemask and noise cancell.ng
microphone are shown in Fig, 8. It is apparent that no resonances are
present in the speech produced with the facemask that are not observed
in the open condition, No such artifacts have in fact appeared in any
of the vowel segments which have been examined. It is also evident that
although the formant frequencies have not been significantly altered,
the bandwidths of the higher formants have been reduced considerably.
This effect was most noticeable in the vowels in 'fed,'" ''fad," and '"fod"
but was not observed in others. It can also be seen that the frequency
response of the M10l gradient microphone as measured in open conditions

(Fig. 1) is reflected in the spectrum obtained using the facemask.

13
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0f greater significance is the ability of LPC-10 to model the
spectra of the speech produced by the facemask. The LPC spectral fits
for the two conditions are shown by the dashed lines in Fig, 8, It
appears that the ability of LPC-10 to model speech produced through the
facemask and gradient microphones is comparable to its ability to model
speech obtained using a high quality microphone in the open. Consistent
with the theory presented earlier, no mechanism inherent to the facemask

»
has been identified which would obviously produce a breakdown in the

10th order spectral modelling process. a

V1. DRT RESULTS
A series of DRTs was conducted to obtain an objective assessment of
the performance of the Lincoln LPC-10 [5] vocoder in the F-15 environment.
Three speakers, all former or active Air Force fighter pilots, were used
' as subjects, Each speaker was required to read the DRT word lists while
wearing a helmet containing a facemask and noise cancelling microphone.
The results of the DRT are shown in Fig. 9 with the bars indicating
the maximum, minimum, and 3-speaker average scores. The first section
of the graph illustrates the performance of the LPC-10 algorithm under
normal conditions using a high quality dynamic microphone. The processing
loss through LPC-10 for this reference condition is about ten DRT points.
The second section of the graph shows the effects of the facemask and
microphone on both the orocessed and unprocessed speech signals. It
appears that the introduction of the facemask has produced a significant o
intelligibility loss (3.5 points) in the unprocessed speech. However, ﬁ
the average score for the processed speech shows that the processing
loss incurred through LPC-10 is only slightly greater than that observed

under ideal conditions.
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In addition to obtaining DRT results for the standard 2.4 kbps LPC-
10 system, testing was also conducted using a fixed-point 12th order LPC
algorithm. For this system coding was used only for the pitch and
energy parameters; the 12 uncoded reflection coefficients were transmitted
to the synthesizer directly. The scores for LPC-12 shown in Fig. 9
illustrate that no significant gain in performance is achieved by imposing
a higher order spectral model on the signal and that the presence of the
facemask alone does not appear to introduce additional complexity to the
waveform. Of course these conclusions must be tempered by the fact that
the data is based on a limited speaker population which exhihited a
fairly wide range of processed speech scores.

Finally, a more limited set of tests was conducted to determine the
effects of windscreens on LPC-10 performance when used in conjunction
with the M101 microphone inside the facemask. Three conditions were
examined, two noise conditions each involving a single speaker and a
noise-free condition using two speakers. In none of these situations
did the performance of the LPC-10 algorithm benefit from the use of a
windscreen. Informal listening corroborated these findings and indicated
that the breath noise was of no particular concern using the present

facemask/microphone combination.

VII. CONCLUSIONS

Although the results presented in this report on the impact of
facemasks and noise cancelling microphones on LPC vocoder performance
are based on a fairly limited talker base, it is nevertheless possible
to draw some conclusions from the data. The DRT scores demonstrate that
the unprocessed speech signal produced using the facemask undergoes a

considerable reduction in intelligibility relative to normal speech.




Several mechanisms have been identified which may contribute to this
loss; specifically, a narrowing of the upper formant bandwidths and an
upward shift in the lower formant frequencies. However, both theoretical
and experimental evidence indicate that the complexity of the speech
waveform is not increased by the imposition of the facemask and thus the
validity of an LPC-10 spectral fit is not compromised. It was also shown
that the low frequency emphasis associated with the application of a
closed cavity to the vocal tract is not present when a pressure gradient
microphone is employed. Consequently, the frequency response characteristic
of a gradient microphone in an open condition will be observed in a
facemask environment as well. Since the presence of a low frequency
rolloff tends to reduce vocoder performance, it would be beneficial to
restore the low frequency response in operational noise cancelling
microphones. This improved low end response is likely to magnify the
problems of breath noise, however, and the addition of foam windscreens

may be necessary.
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